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E-mail address: szabolcs.osvath@eok.sote.hu (S. OsAmyloid deposits, which accumulate in numerous diseases, are the ﬁnal stage of multi-step protein
conformational-conversion and oligomerization processes. The underlying molecular mechanisms
are not fully understood, and particularly little is known about the reverse reaction. Here we show
that phosphoglycerate kinase amyloid ﬁbrils can be converted back into native protein. We achieved
recovery with 60% efﬁciency, which is comparable to the success rate of the unfolding-refolding
studies, and the recovered enzyme was folded, stable and fully active. The key intermediate stages
in the recovery process are ﬁbril disassembly and unfolding followed by spontaneous protein
folding.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction aggregates appear to be the most cytotoxic [16,17]. Balance be-Commitment of proteins to either folding or aggregation has
outstanding physiological and pathological consequences [1].
Approximately two dozen human diseases have been linked to
the formation of ordered insoluble aggregates called amyloid [2–
4]. In vivo amyloidogenic proteins have diverse sequences [5],
and proteins unrelated to pathology may also form amyloid ﬁbrils
in vitro [6–8]. All amyloids display a similar cross-beta spine stabi-
lized by sequence-independent hydrogen bonding along the poly-
peptide backbone [2,9]. Although contribution of sequence-speciﬁc
interactions to amyloid formation has also been demonstrated [9–
11], it is generally believed that amyloid formation is a universal
feature of proteins [2,7,12,13]. In addition to the pathological role
of amyloid deposition, the presence of functional amyloids within
mammalian tissue has also been reported [14]. Understanding the
mechanisms of transition between native and amyloid states are of
pivotal importance. Amyloid ﬁbril formation is preceded by the
assembly of various oligomeric species and preﬁbrillar structures
[4]. Interconversion kinetics and stability of these aggregates
determine the amyloidogenicity of the protein species [2,15].
Mature ﬁbrils are biologically relatively passive, and preﬁbrillarchemical Societies. Published by E
ae) phosphoglycerate kinase;
váth).tween forward and reverse reactions is therefore highly important
in determining the fate of the protein. While the forward process is
intensely investigated, little is known about the mechanisms of the
reverse reaction which may lead to amyloid disassembly and the
recovery of native biological activity [15,18,19].
2. Materials and methods
2.1. Expression, puriﬁcation and characterization of yeast
(Saccharomyces cerevisiae) phosphoglycerate kinase (PGK)
Histidine-tagged PGK was expressed and puriﬁed as described
earlier [20].
The turnover rate of the PGK was recorded at several substrate
concentrations [21]. The reaction mixture contained 25 mMMgCl2,
0.12 mM NADH, 0.08 mg/L GAPDH, 0.016 lM PGK and 9.234 mM
ATP, 9.975 mM 3-phosphoglycerate (3-PG) in 50 mM Tris, 1 mM
EDTA, 1 mM DTT, pH:7.5 unless stated otherwise.
The maximum catalytic rate and the two Michaelis–Menten
constants for the binding of the two substrates were determined
from a non-linear ﬁt of the Michaelis–Menten equation to the ob-
served enzyme activities [22]. The same maximum catalytic rate
was used in the ﬁt of both substrate titrations.
Thermal stability of PGK was measured with differential
scanning calorimetry. Temperature dependence of the isobaric
heat capacity of 10 lM protein was recorded in 1 mM DTT, 1 mMlsevier B.V. All rights reserved.
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[23].
2.2. Generation and characterization of PGK amyloid
Amyloids were grown at room temperature according to the
protocol described by Damaschun and coworkers [8,24]. A 40 lM
PGK solution was dialyzed against pH 2.0 HCl. Formation of amy-
loid-like structures was initiated by the addition of 200 mM NaCl
to the sample. Amyloid ﬁbrils were allowed to grow at room tem-
perature for 7 days. The presence of ﬁbrils was checked by electron
microscopy, Congo red circular dichroism, and Thioﬂavin T ﬂuores-
cence before further use.
Transmission electron microscopy images were recorded as de-
scribed earlier [11]. For Congo red staining, 1 lM sample was
added to 30 lM Congo red solution (25 mM Na-acetate, 190 mM
NaCl, pH 4.6). Circular dichroism spectrum of Congo red was re-
corded between 300 nm and 650 nm in 1 nm steps with 2 nm
bandpass at 50 nm/min scan rate in 10 cm path length cuvette,
using a Jasco 700 instrument. Thioﬂavin T assay was performed
using established methods [25]. Fluorescence emission of 20 lM
Thioﬂavin T solution (in 100 mM Na-phosphate, 100 mM NaCl,
pH 8.5) was measured prior to and following the addition of
4 lM protein. Spectra were recorded on a Jobin-Yvon FluoroLog-
3 between 455 nm and 530 nm (kexc = 450 nm) with 1 nm band-
width. Dynamic light scattering of 40 lM protein (200 mM NaCl
at pH 2.0) was recorded on a home built apparatus described
earlier [26].
2.3. Recovery of PGK from amyloid
PGK was recovered from amyloid ﬁbrils in two successive steps.
First, amyloid ﬁbrils were dialyzed overnight against pH 2.0 HCl
solution. Next, the sample was diluted into 50 mM Tris–HCl buffer,
pH 7.5. The ﬁnal protein concentration was 0.4 lM. After 20 min of
incubation the sample was assayed for enzyme activity.Fig. 1. Amyloid ﬁbrils formed of PGK. (a) Transmission electron micrograph of
negatively stained ﬁbrils. (b) Circular dichroism spectrum of 30 lM Congo red prior
to (dashed line) and following (solid line) the addition of 1 lM PGK deposited in
ﬁbrils. (c) Fluorescence emission spectrum of 20 lM Thioﬂavin T prior to (dashed
line) and following (solid line) the addition of 4 lM PGK deposited in ﬁbrils.3. Results
Aggregates of PGK induced by in vitro acidiﬁcation and salt
addition displayed obvious amyloid features (Fig. 1). Electron
microscope images (Fig. 1a) showed curved ﬁbrils of 6.3 ± 1.7 nm
diameter, similar to those previously documented by Damaschun
et al. [24] as well as by us [11]. Fibrils were absent in either the na-
tive sample or following acidiﬁcation only. Congo red staining
showed negative circular dichroism between 500 and 550 nm
(Fig. 1b), indicating amyloid structure [27]. Congo red alone or in
the presence of native protein only did not show signiﬁcant dichro-
ism. In the presence of the ﬁbrils, Thioﬂavin T displayed the ﬂuo-
rescence emission spectral shift (Fig. 1c) characteristic of the
presence of mature amyloids [25]. The efﬁciency of converting
PGK into amyloid was assessed by dynamic light scattering
(Fig. 2) which monitors particle size. Our results indicate that the
particles of the sample fall into two size regimes: one corresponds
to the monomeric protein, the other to an aggregated state with a
single-peaked distribution. We think that the coexistence of two
different aggregation mechanisms (amyloid formation and amor-
phous aggregation) which lead to the same size distribution is very
unlikely. Based on this, we believe that 99.65 ± 0.1% of the protein
was in amyloid ﬁbrils containing an average 194 ± 70 PGK mono-
mers per particle.
Rescuing PGK from amyloid ﬁbrils was carried out in two steps.
First, ﬁbrils were disassembled by overnight dialysis against a pH
2.0 solution. As a result, ﬁbrils completely disappeared as revealed
by electron microscopy, Congo red circular dichroism and Thioﬂa-vin T staining. Second, the sample was diluted hundredfold in
50 mM Tris buffer at pH 7.5. Functional recovery was assayed by
measuring enzyme activity. Fig. 3 shows the dependence of the
catalytic rate on substrate concentrations. The plots are linear in
double reciprocal representation showing the validity of the
Michaelis–Menten kinetic model in this substrate concentration
range, in agreement with previous results [22]. The Km values for
substrate binding and the maximum reaction rates (kcat) were
Fig. 2. Size (i.e. hydrodynamic radius, Rh) distribution of the PGK amyloid ﬁbrils
determined by dynamic light scattering. (a) Distribution function of the protein
mass stored in the particles, obtained as the relative amplitude of the components
of the autocorrelation of the scattered electric ﬁeld strength (aRh). (b) Distribution
function of particle size (Rh) obtained as the protein mass stored in particles of a
given size divided by the size of the particle.
Fig. 3. Characterization of PGK recovered from amyloid into the native structure. (a
and b) Activity assays of native (dots and dashed line) and recovered PGK (squares
and solid line). (a) Double reciprocal plot of catalytic rate (v) as a function of MgATP
concentration in the presence of 10 mM 3-PG. (b) Double reciprocal plot of PGK
catalytic rate (v) as a function of 3-PG concentration in the presence of 10 mM
MgATP. Lines indicate the ﬁt obtained with Michaelis–Menten analysis. Activity
tests were performed at pH 7.5 using 16 nM PGK. (c) Differential scanning
calorimetry melting of the native PGK (dashed line) and the enzyme refolded from
amyloid ﬁbrils (solid line) recorded at pH 7.5 on 10 lM protein.
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to experimental data. Km indicates the biological equivalence of
the native and recovered proteins, whereas kcat is sensitive to the
molar fraction of enzyme recovered [28]. Km values of the recov-
ered enzyme and the native protein were found to be identical
within experimental error; kcat was recovered to roughly 60% com-
pared to the native sample (Table 1). To assay structural recovery
of PGK, we compared the thermal denaturation of the native and
recovered forms by using differential scanning calorimetry
(Fig. 3c), and found that the two melting temperatures were iden-
tical within experimental error (Table 1). Importantly, if we omit-
ted the low-pH incubation of the amyloid, functional recovery of
PGK was unsuccessful. After diluting the amyloid sample directly
into buffer at pH 7.5, less than 2% recovery was obtained. The en-
zyme activity did not increase with prolonged incubation, and no
detectable activity was recovered during two weeks. Thus, disag-
gregation and unfolding are both prerequisites for the subsequent
refolding and functional recovery.
4. Discussion
In the present work we demonstrated that active protein can be
recovered from aggregated amyloid state of PGK. The protein was
ﬁrst converted to amyloid with near 100% efﬁciency, then it was
recovered to the functionally active state in a two-step process
with approximately 60% efﬁciency. The two steps of the recoveryare disaggregation and unfolding induced by low-pH incubation,
and folding induced by dilution into buffer at physiological pH.
The native enzyme and the recovered protein were functionally
identical. Previously it was shown that the recovery efﬁciency of
PGK from the unfolded state is 60–85% [28]. Our 60% efﬁciency
of enzyme recovery is comparable to these success rates. Failure
to achieve greater efﬁciencies was probably due to partial hydroly-
sis of PGK at low pH during the one-week amyloid formation
Table 1
Comparison of the Michaelis–Menten constants (Km), the maximal enzyme turnover
rates (kcat), and melting temperatures for the native PGK and the enzyme recovered
from amyloid ﬁbrils.
PGK refolded from amyloid deposit Native PGK
Km for MgATP (lM) 82 ± 23 81 ± 17
Km for 3-PG (lM) 66 ± 7 76 ± 5
kcat (reaction/(s
*PGK)) 80 ± 9 135 ± 23
Melting temperature (C) 55.5 ± 0.2 55.3 ± 0.2
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ple dilution effect. It has been shown that PGK forms amyloid in a
broad concentration range (0.36–155 lM) [8,29] including the one
(0.4 lM) at which we observed functional recovery. Furthermore,
dilution without the preceding low-pH incubation failed to achieve
functional recovery of PGK. Our results therefore indicate that dis-
aggregation and unfolding followed by refolding are all important
steps along the recovery pathway. Although PGK is unrelated to
in vivo amyloid, it has often been used for the in vitro assay of
amyloid structures [11,29]. The solvent conditions for the growth
of amyloid deposits from PGK are similar to those used in the
in vitro studies of disease-related proteins. In in vitro experiments
the formation of amyloid aggregate is initiated once the native
structure has been destabilized by physical or chemical methods
[30]. Under in vivo conditions, protein destabilization is usually
the result of mutation or polypeptide fragmentation [2]. It might
be expected that under circumstances that stabilize the native con-
tacts of the polypeptide, the protein could be recovered from the
amyloid state. However, we ﬁnd here that merely placing the pro-
tein in a structurally stabilizing environment is insufﬁcient for its
functional recovery. Rather, the protein needs to be ﬁrst exposed
to destabilizing and disaggregating conditions. Once a complete
disaggregation of amyloid ﬁbrils and unfolding of the protein have
taken place, native conditions bring about spontaneous refolding
and structural-functional recovery. Thus, the native structural state
of the protein is not directly accessible from the amyloid state,
although such a transition could in theory be possible across the
folding energy landscape. Possibly, energetic costs or landscape
complexity prevent a direct transition from the amyloid to the na-
tive state. Our observations suggest that protein molecules may be
cycled between their native and aggregated forms. It is an intrigu-
ing possibility that functional intracellular amyloids are handled
by the living cell via similar transitions. Whether this is indeed
the case awaits further experimentation.
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